(Received 17 May 2018; published 3 August 2018)
The neutron-unbound isotope 13 Be has been studied in several experiments using different reactions, different projectile energies, and different experimental setups. There is, however, no real consensus in the interpretation of the data, in particular concerning the structure of the low-lying excited states. Gathering new experimental information, which may reveal the 13 Be structure, is a challenge, particularly in light of its bridging role between 12 Be, where the N = 8 neutron shell breaks down, and the Borromean halo nucleus 14 Be. The purpose of the present study is to investigate the role of bound excited states in the reaction product 12 Be after proton knockout from 14 B, by measuring coincidences between 12 Be, neutrons, and γ rays originating from de-excitation of states fed by neutron decay of 13 Be. The 13 Be isotopes were produced in proton knockout from a 400 MeV/nucleon 14 B beam impinging on a CH 2 target. The 12 Be-n relative-energy spectrum dσ/dE f n was obtained from coincidences between 12 Be(g.s.) and a neutron, and also as threefold coincidences by adding γ rays, from the de-excitation of excited states in 12 Be. Neutron decay from the first 5/2 + state in 13 Be to the 2 + state in 12 Be at 2.11 MeV is confirmed. An energy independence of the proton-knockout mechanism is found from a comparison with data taken with a 35 MeV/nucleon 14 B beam. A low-lying p-wave resonance in 13 Be(1/2 − ) is confirmed by comparing proton-and neutron-knockout data from 14 B and 14 Be.
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I. INTRODUCTION
The chain of known isotopes of the chemical element beryllium, limited by the two unbound A = 6 and A = 16 nuclei, exhibits some of the most intriguing phenomena among light drip-line nuclei. The interplay between shell-model and cluster structures attracts considerable interest, both experimentally and theoretically.
The α + α cluster structure of 8 Be is well established, and there is convincing evidence that clustering persists also in the heavier beryllium isotopes.
The structure of 9 Be(g.s.) is expected to be two α particles in a dumbbell configuration coupled to a neutron [1] . There is, however, no complete understanding of the nature of its first excited state, 9 Be(1/2 + ). It has been described as a resonance [2] , a virtual state in 8 Be + n [3, 4] , or a genuine three-body α + α + n resonance, where the 5 He + α configuration dominates at small distances and 8 Be + n at large distances [5, 6] . Another interesting feature of 9 Be is a parity inversion, where its I π = 1/2 + state is found at an energy ≈ 1 MeV lower than the I π = 1/2 − state. Within the framework of the shell model, the ground state of 10 Be is dominated by a p-shell configuration, where the (sd ) mixing is small [7] . The 10 Be(g.s.) structure can also be described using cluster models [8, 9] . The motion of the two neutrons around the strongly deformed 8 Be core was investigated with a mixing of a minor (sd ) 2 component into the major p 2 component [9] . The ground state of 11 Be was early found [10, 11] ground state [12] , but revealed also a contribution from a 10 Be(2 + ) ⊗ (0d 5/2 ) admixture [13] [14] [15] . The parity inversion anomaly was first discussed in Ref. [16] , where it was pointed out that the core excitation to the first 2 + state and the pairing blocking effect are both important to produce the parity inversion. A recent theoretical study using ab initio approaches to nuclear structure shows that only certain chiral interactions are capable of reproducing the parity inversion [17] .
Already in 1976 strong configuration mixing in 12 Be was predicted by Barker [18] . This enormous breaking of the closed-shell neutron structure in 12 Be was confirmed experimentally, when an admixture of about 32% closed p-shell and 68% (sd ) 2 configurations were determined [19] . In 13 Be, which is the subject of our study, a large weight of a 10 Be ⊗ (sd ) 3 configuration is expected in the ground-state wave function. 12 Be cannot reasonably be considered a closedshell nucleus, as discussed in many papers about 13 Be and 14 Be [20] [21] [22] [23] [24] [25] [26] .
A recent theoretical study shows that the lowest (sd ) 4 state in 14 Be may be quite close to the lowest (sd ) 2 state [27] . Thus a substantial admixture of a 10 Be ⊗ (sd ) 4 component can be expected in the 14 Be ground state. Investigations of the structure of 13 Be can provide a bridge to the understanding of 14 Be. A review of rather controversial results of experimental and theoretical studies of 13 Be was given in Ref. [28] and recently updated in a broader review paper on light nuclei [29] .
The experimental information about the structure of 13 Be was obtained from studies using two conceptually different experimental approaches:
(1) The missing-mass method is used for reconstruction of resonances in the system of particles that were not detected. The method is based on kinematic relations and measured momentum vectors of the incoming beam and the detected particle. (2) In the invariant-mass method, the four-momenta of incoming and detected particles are used to determine the resonance in the system of detected particles. However, 024603-2 when excited, γ -decaying states are populated, and the resonance position is shifted down by the energy of the escaping γ ray.
The missing-mass data for 13 Be in Refs. [30] [31] [32] [33] [34] are in good agreement. The weighted mean values for the observed resonance energies are at 0.73(7) MeV [33, 34] , the next at 1.99(4) [30] [31] [32] [33] [34] corresponding to the first 5/2 + state, and higher excited resonances at 2.92(7) MeV [33, 34] and at 5.05(5) MeV [30] [31] [32] [33] [34] .
There exists, however, quite a strong contradiction between the interpretations of the data obtained in experiments using the invariant-mass method [28] . Based on such measurements the position of the first excited state was suggested to have a resonance energy of 2.39 (5) [36] and at E r = 2.56(13) MeV ( = 2.29(73) MeV) [37] . The determined widths are in both cases more than a factor of 10 larger than the theoretical values given in Ref. [38] .
The reason for different interpretations is most likely connected to the need for taking the feeding of excited states in 12 Be into account in the analysis. The three lowest excited states are found at 2. [42] . None of these experiments included the detection of possible γ rays from 12 Be. One-neutron knockout from a 69 MeV/nucleon 14 Be beam was studied at RIKEN [35] . There, the detection of triple coincidences between fragments, neutrons, and γ rays demonstrated a measurable probability for the population of excited states in 12 Be at 2.11 MeV (2 + ) and 2.71 MeV (1 − ). In this paper new data are presented, from an experiment studying proton knockout from 14 B at 400 MeV/nucleon impinging on a CH 2 target where neutrons, fragments, and γ rays from the 13 Be breakup were recorded. The data were taken during the S393 campaign at the GSI Helmholtzzentrum für Schwerionenforschung GmbH by the R 3 B Collaboration.
II. EXPERIMENTAL SETUP AND DATA ANALYSIS
The radioactive 14 B beam was produced in fragmentation reactions of a primary 40 Ar beam, with an energy of 490 MeV/nucleon, directed from the heavy-ion synchrotron (SIS18) towards a production target consisting of natural Be (4.011 g/cm 2 ). The fragments were separated according to their magnetic rigidities in the fragment separator (FRS). The secondary 14 The ROLU is a set of scintillators, which allows one to restrict the active beam size. Any particle that does not pass through the hole defined by the position of the four scintillators gives a signal, which is used as a veto trigger for the data acquisition system. Double-sided silicon strip detectors (DSSDs) in front of and behind the reaction target are used for separating the charge and tracking of the emerging fragments. The two fiber detectors (GFIs) are used for tracking the fragment trajectories. A set of scintillators, the time-of-flight wall (TFW), is used to provide a stop signal for the time-of-flight measurement and as an energy loss detector. The LAND neutron detector and the Crystal Ball, surrounding the target, are discussed in the text. Figure from Ref. [43] . Fig. 1 . The main feature of this setup is its capability to record four-momentum, mass, and charge of the incoming ions and the outgoing reaction products. To accomplish this task, it is equipped with a large variety of detectors and the dipole-magnet spectrometer ALADIN. Since our results rely on the good performance of the Crystal Ball detector and the Large Area Neutron Detector (LAND), we give a short description of these two key parts of the experimental setup in the following.
Crystal Ball. The Crystal Ball sphere [44] , surrounding the target, is a NaI(Tl)-scintillator-crystal assembly with 159 detectors, with an inner radius of 25 cm, and a crystal length of 20 cm. Its geometry follows the requirement of each crystal covering the same solid angle of 77 msr with four different crystal shapes. This detector measures both the γ rays emitted from the nuclear reaction produced in the target, and the protons from the proton-knockout reaction. The sum peak method, using 60 Co as a calibration γ source, with energies 1173 and 1332 keV, was applied to determine the efficiency for detection of γ rays by the Crystal Ball [45] . The relatively high segmentation of the Crystal Ball enables Doppler correction of the γ rays emitted by the fragments moving at relativistic energies.
LAND. The Large Area Neutron Detector [46] is located 13 m downstream from the reaction target, straight ahead in the direction of the incoming beam. The size of the detector is 2 × 2 m 2 with a depth of 1 m, designed to measure both 
A. Incoming isotope identification
From the fragmentation of the primary 40 Ar beam in the Be production target a broad variety of nuclides is produced. The purpose of the FRS is to separate and select the isotopes of interest from the different nuclides produced in the reaction. A cocktail of different nuclei reaches the reaction target. Some of the detectors (e.g., the ones labeled PSP and POS in Fig. 1 ) are used to select the incoming nucleus of interest during the analysis, 14 B in our case, as shown in the fragment identification plot in Fig. 2 .
B. Fragment and neutron selection
In order to identify all the emerging fragments according to their charge Z and mass A, we have used the measured energy loss in the two double-sided silicon strip detectors (DSSDs) right after the reaction target and the time-of-flight wall (TFW) after the ALADIN magnet.
C.
12 Be-n relative energy spectra and γ rays
The relative energy between 12 Be and a neutron (E f n ) was determined by the invariant-mass method using the relativistic expression
where P f (P n ) and M f (m n ) are the four-momenta and the masses of the fragment (neutron), respectively. The experimental resolution of the relative energy spectrum (dσ/dE f n ) was obtained from Monte Carlo simulations using the measured detector responses. The resolution (FWHM) is about 250 keV at 500 keV and increases to about 700 keV at 2 MeV. The Monte Carlo simulations also give the overall detection efficiency. The detection efficiency remains nearly constant, 85%, up to E f n = 2 MeV and decreases at higher energies due to the finite solid angle of LAND and the acceptance of the ALADIN magnet. All measured distributions were corrected for the overall detection efficiency.
An important experimental improvement in the present experiment is that γ rays from excited states in the residual nucleus 12 Be, populated in the neutron decay of 13 Be, are detected in the Crystal Ball with high efficiency. A two-dimensional spectrum of E γ as a function of E f n was constructed from the about 2500 recorded events of triple coincidences between γ rays, corrected for their Doppler shift, 12 Be, and neutrons. The E γ (E f n ) distribution after multi-quadric smoothing is shown in Fig. 3 . A peak in the γ spectrum (hatched area) is clearly present in this plot at about 2 MeV and E f n less than 0.5 MeV. There are also some events located at E γ ∼ 2 MeV and E f n ∼ 2 MeV, indicating an excited state in 13 Be at E r ∼ 4 MeV decaying into the 12 Be(2 + ) state.
D. Data analysis and results
The Doppler-corrected γ spectrum measured with the Crystal Ball detector, in coincidence with a 12 Be fragment and a neutron, is shown in Fig. 4(a) . The spectrum shows a Gaussian-shaped structure in the energy range 2.0-2.3 MeV superimposed on a smooth background. The source of the background is mainly due to secondary particles: protons, neutrons, and δ electrons. The shape of the background agrees rather well with R3BRoot simulations [47] . The solid line displays a fit of the spectrum with χ 2 /N = 1.11. Figure 4 (b) shows a Gaussian fit to the spectrum after subtraction of the smooth background, giving a centroid of E γ = 2.16(4) MeV, in good agreement with the expected 2.11 MeV γ rays from de-excitation of the first excited 2 + state in 12 Be, χ 2 /N = 0.83. The experimental dσ/dE f n spectrum, obtained from coincidences between 12 Be fragments and neutrons from this experiment, is shown in Fig. 5(a) . There is one data point in 024603-4 E (MeV) γ 12 Be and a neutron obtained from a projection of the two-dimensional distribution E γ (E f n ) in Fig. 3 . The centroid of the Gaussian-shaped peak was found to be 2.16(4) MeV with width σ = 168(50) keV on the top of a smooth background. This confirms the presence of neutron decay from 13 Be to the 2 + state in 12 Be. (b) γ spectrum after background subtraction.
the dσ/dE f n spectrum around 0.3 MeV, deviating from the main trend of the neighboring points in the spectrum by about 5σ . With the present experimental resolution we cannot give any physics arguments for this deviation and have therefore neglected the point in the analysis. The spectrum was analyzed using Breit-Wigner-shaped resonances for the different partial waves. The energy dependence of the resonance widths, (E f n ), was taken into account in the analysis according to the R-matrix prescription [48] . The rather smooth and broad shape of the spectrum indicates contributions from several individual, but overlapping, resonances. There would thus be a lack of uniqueness of the analysis if all resonance parameters were taken as free. For this reason, only the position and width of the dominating structures, the 1/2 + state and the 5/2 + 1 state, were left free while other resonance parameters were taken from the missing-mass experiments. The inclusion of one more state at a resonance energy of 4.0 MeV was found to give a considerable reduction of the χ 2 /N of the fit, consistent with the evidence shown in Fig. 3 . The fit was made using the functional minimization and error analysis code MINUIT [49] . We also used data from an experiment performed at GANIL [36] , where the same reaction was studied, but with a 35 MeV/nucleon 14 B beam. In experiments using the missingmass method [31, 33, 34] , the resonances above E f n = 1 MeV were found to be narrow, about 0.4 MeV. The energy resolution in the present experiment is given as σ = 0.18E 0.75 f n MeV [50] , which corresponds, for example, to FWHM = 0.7 MeV at 2 MeV. Thus, the resonance shapes in the experimental spectra are mainly determined by the experimental resolution, and the intrinsic widths of the resonances were therefore kept fixed during the fit. The results from a simultaneous fit to the two data sets are shown in Figs. 5(a) and 5(b) and in Table I . The parameters for the low-lying 1/2 + resonance are within statistical uncertainties close to the result given in Ref. [51] . The rule of thumb is that if < 4E r , the state is a real resonance, whereas it becomes virtual if 4E r [52] . (2) resonance states (Y/Y 1/2 + ). This supports the assumption that the reaction mechanism, the proton knockout, remains the same at different energies and targets. The dσ/dE f n spectrum obtained from the 12 Be + n + γ ray (2.11 MeV) triple-coincidence data [ Fig. 5(a) ] was also included in the analysis. The corresponding dσ/dE f n spectrum was constructed by two methods:
(1) The dσ/dE f n spectrum was obtained with the condition 2.0 < E γ < 2.4 MeV. From this spectrum a background was subtracted by events at the left-hand and right-hand sides of the 2.11 MeV peak: 1.7 < E γ < 2.0 MeV and 2.4 < E γ < 2.7 MeV. (2) The γ spectra obtained in coincidence with 12 Be and neutron in different 400 keV energy bins of E f n were fitted by a Gaussian superimposed on a background, as shown in Fig. 4 . The parameters of the fit were obtained from the fit to the γ spectrum for the whole energy region 0 < E f n < 6 MeV [see Fig. 4(b) ] and all parameters were kept fixed except for the amplitudes of the Gaussian and the background. The number of events inside the Gaussian component was taken as originating from 12 Be + n + γ (2.11 MeV) three-body coincidences in the corresponding E f n energy region.
Both methods give, within statistical uncertainties, the same result. The contributions from the triple 12 Be + n + γ coincidences obtained with the second method are shown in Fig. 5(a) as black triangles ( ).
The interpretation of these results can be summarized as follows: The decay of the s-wave state of 13 Be to the 12 Be(g.s.) (labeled 1 in Fig. 5 ) together with a contribution from s-wave neutrons from the upper tail of the first 5/2 + excited state feeding of the 2.11 MeV (2 + ) state in 12 Be (2a) are responsible for the low-energy part of the observed dσ/dE f n spectrum. The resonances at 2.11, 2.92, and 4.0 MeV decaying to the 12 Be ground state are sufficient to explain the rest of the dσ/dE f n spectrum up to 5 MeV.
The structure of the first 5/2 + state is predominantly of 10 Be⊗(sd ) 3 character rather than 12 Be ⊗ d 5/2 [53] . Its wave function is mostly given by 10 Be ⊗ (0d 5/2 , 1s 2 12 ). Another competing component is 12 Be(2 + ) ⊗ 1s 1/2 , which could be appreciable [54] . This component can only decay to the 2 + state of 12 Be. The obtained result supports the importance of this component in the structure of the 13 Be(5/2 + 1 ) state. Figure 6 gives the level scheme of 13 Be with energies for the positive-parity states taken from the present analysis. The very broad s state (1/2 + ) dominates the excitation spectrum up to the 2 MeV region. We also show a more narrow p state situated on top of this broad state which has been found in the neutron-knockout data from 14 Be [35, 51] .
III. DISCUSSION
In experiments adopting the invariant-mass method it is generally assumed that the resonance reveals itself as a finalstate interaction between the detected particles. This method has been widely applied in the production and study of 13 Be as in fragmentations of 18 13 Be together with the neutron decay channels to the ground state and excited states in 12 Be. The energies for the positive-parity states are from the present paper, while the low-energy negative-parity state is from neutron-knockout data from 14 Be [35, 51] . [35, 51, 58] , and in a nucleon exchange reaction with a 13 B beam [37] . However, the absence of distinct resonance structures in the present 12 Be-n dσ/dE f n spectra together with a possible neutron decay to excited states in 12 Be leads to uncertainties in interpretations of the experimental data. The use of different reactions allows for significant reduction of ambiguity if all data are taken into account. Such discussions were given in Refs. [35, 51, 58] , but it is clear that there is an absolute need for triple γ -n- 12 Be data to draw firm conclusions. 13 Be. However, this observation can also be explained as arising from the decay of the 14 Be(2 + ) state to 12 Be and two neutrons (see Fig. 4 in Ref. [59] ). Figure 7 (a), which demonstrates that the shapes of the 12 Be-n relative energy spectra obtained in a proton knockout from 14 B, at 35 MeV/nucleon [36] and in the present experiment at 400 MeV/nucleon are likewise similar, also indicates an energy independence of the proton-knockout mechanism. The 12 Be-n energy spectra measured with the 14 Be beam in neutron knockout were also shown to be quite similar at two different energies of the incoming beam, 68 [35] and 360 MeV/nucleon [51] , supporting the assumption of an energyindependent neutron-knockout mechanism. Figure 7 (a) also shows a comparison between experimental spectra from proton-and neutron-knockout reactions. The comparison demonstrates a clear excess in the energy region around 0.5 MeV in the case of neutron knockout, where a narrow I π = 1/2 − resonance was found (E r = 0.44(1) MeV, = 0.39(5) MeV [51] ). The I π = 1/2 − state was not observed in the one-proton knockout from 14 B. The investigation of the 14 B structure, in studies of its Coulomb disintegration, favors 13 B(3/2 − ) ⊗ 1s 1/2 as the ground-state configuration with a spectroscopic factor close to unity [60] . This was confirmed in studies of the neutron-pickup reaction 13 B (d, p) 14 B, where the spectroscopic factors were found as 0.71 for the configura- (a) Relative-energy spectra 12 Be-n obtained in proton knockout from 14 B at 400 MeV/nucleon ( , present data), and 35 MeV/nucleon ( , Ref. [36] ), and in neutron knockout from 360 MeV/nucleon 14 Be ( , Ref. [51] ). (b) Relative-energy spectra 12 Be-n in nucleon exchange with a 13 B beam (•, Ref. [37] ), and in neutron knockout from 14 Be ( , Ref. [51] ; ×, Ref. [35] ). All spectra were corrected for overall efficiencies of the experimental setup and normalized to the same integral in the relative-energy region 0-5 MeV. tion 13 B(3/2 − ) ⊗ 1s 1/2 , and 0.17 for 13 B(3/2 − ) ⊗ 0d 5/2 . This indicates that, in the proton knockout from 14 B, the population of negative-parity states in 13 Be should be extremely rare [61] . The structure of the 14 Be(g.s.) wave function is expected to have an 85% 12 Be(p-shell) ⊗ (1s 1/2 ) 2 configuration, with a 15% 12 Be(p-shell) ⊗ (0d 5/2 ) 2 component [62] . Thus, a sudden neutron knockout from the 12 Be core results in a population of the negative-parity resonance I π = 1/2 − in 13 Be. Figure 7 (b) shows spectra obtained in a nucleon-exchange reaction [37] . This reaction could have populated states not populated in the nucleon-knockout reactions. A statement was made in Ref. [37] that the decay of the 2 MeV state does not have a branch with sequential decay through the 2 + state in 12 Be, as was suggested in Ref. [51] . The conclusion made in Ref. [51] was, however, based on the measurements where the 12 Be-n spectrum was obtained in coincidence with the 2.1 MeV γ ray [35] . Two different fits to the experimental spectrum were done in Ref. [37] , assuming two or three resonances. Both fits have the same statistical confidence level. The fit with three resonances was claimed to be in agreement with Ref. [36] . But the analysis made in Ref. [36] differs since the spectrum was decomposed into four different structures. References [36, 37] show that relative-energy spectra can be understood in two or even several possible ways [38] . The spectrum obtained in the nucleon-exchange reaction is in Fig. 6 (b) compared with those obtained in the neutron knockout at two different energies [31, 46] . The difference in shape between the spectra from the two experiments is due to a superior energy resolution in the experiment with lower beam energy [31] . However, these two spectra differ qualitatively from the spectrum from the nucleon-exchange reaction. Excitation of the 1/2 + state is obviously strongly suppressed in the last case, as well as the 1/2 − state.
IV. SUMMARY
We presented an analysis of a one-proton-knockout experiment from 400 MeV/nucleon 14 B impinging on a CH 2 target. Triple coincidence data were collected, including 12 Be fragments, neutrons, and γ rays. The interpretation was performed by using already existing, published experimental data at lower energy. The partial level scheme of 13 Be is presented in Fig. 6 . The following main conclusions can be drawn:
(i) Feeding of the 12 Be(2 + ) state from neutron decay of the 13 Be(5/2 + 1 ) state at 2.11 MeV was identified from triple coincidence data.
(ii) Evidence was found for an excited state in 13 Be at E r = 4 MeV with two decay branches either to the 12 Be(g.s.) or to the 12 Be(2 + ) state. (iii) A simultaneous analysis of proton-knockout data at energies 35 and 400 MeV/nucleon give evidence for an energy independence of the proton-knockout mechanism. (iv) A comparison between the spectra obtained in neutron knockout with those from a proton knockout confirms the excitation of the 13 Be(1/2 − ) state in the first case and negligible probability for population of negativeparity states in the second. (v) The low-energy part of the 13 Be excitation spectrum is dominated by a very broad s-wave resonance (1/2 + ), extending from the 12 Be+n threshold to the top of the excitation spectrum, together with a rather narrow p-wave resonance (1/2 − ). To promote one of them as the ground state 13 Be is not within the scope of the present paper but certainly a challenge for theory. (vi) The contradictions in the interpretations of the 13 Be structure obtained in experiments using the invariantmass against the missing-mass methods is resolved by taking both methods into account in the analysis. (vii) The results show that there is a danger in the interpretation of the invariant-mass data when the γ channel is not taken into account.
The ambiguity of the analysis can be eliminated only under the condition of measuring the decay branch with population of the isomeric 12 Be(0 [39, 40] . The detection of annihilation γ rays from the state, with a lifetime of 331 ns, in coincidences with other reaction products, is indeed an experimental challenge.
Thus, considering that 12 Be is mostly 10 Be ⊗ (sd ) 2 , in the reaction 12 Be(d, p) 13 Be the states with the 10 Be ⊗ (sd ) 3 structures should be strongly excited. An interesting possibility to tackle this problem might come from the study of a twoneutron transfer reaction, 11 Be(t, p) 13 Be [63] .
